Re ef fe er re en nc ce es s
I
In nt tr ro od du uc ct ti io on n: :
Today's broiler nutritionists are responsible for developing feeds that accurately supply the required amount of amino acids to support optimal performance while simultaneously reducing the waste of excess dietary nitrogen. Nutritionists have long relied on the ideal amino acid concept, in which amino acid requirements for broilers are typically expressed as a percentage of digestible lysine (dLys), as a strategy to develop diets that balance these goals [1] . Because dLys is used as the reference amino acid, it is critical to obtain precise estimates of the dLys requirement.
The dLys requirements for broilers of many strains and under many environmental conditions have been determined using simple dose-response assays and broken-line regression analysis. However, these methods assume that no interactions exist between amino acids. Evidence suggests that such interactions may exist between dLys and digestible threonine (dThr) [2] , and digestible methionine (dMet) [3] . Alternative statistical approaches may be necessary to account for the interactive effects between these amino acids in order to obtain a more precise estimate of the requirement for use in diet formulation. Response surface methodology (RSM) applies advanced statistical and mathematical techniques to develop descriptive models for multiple variables with interactive effects. Although RSM has been widely applied to optimization problems in engineering fields, it has not yet been used to evaluate amino acid requirements in broilers.
This research report examines the use of RSM to model the required ratio of dThr to dLys necessary for optimal live performance in starting broilers.
O Ob bj je ec ct ti iv ve e: :
Utilize RSM to determine the ideal ratio of dThr to dLys for optimal body weight gain (BWG) and feed conversion ratio (FCR) in male Ross × Ross 308 broilers from 3 to 16 days of age. wheat, and corn gluten meal was formulated to contain the minimum level of each amino acid to be studied (TABLE 1) . To produce the experimental diets, DL-Methionine, L-Lysine HCl, and L-Threonine were added to the basal diet at the expense of corn starch. Each of the 3 amino acids of interest was added at 5 different levels, for a total of 15 experimental diets (TABLE 2).
B Bi ir rd d H
Hu us sb ba an nd dr ry y: : Male Ross × Ross 308 broiler chicks were obtained from a commercial hatchery following vaccination according to normal industry practices. At 1 day of age, 360 chicks were assorted into 60 floor pens such that similar average weights were maintained across all pens. For the first 2 days posthatch, chicks were deprived of feed but allowed free access to water. Each pen was randomly allocated to 1 of 15 dietary treatments at 3 days of age. Environmental temperatures were maintained 32°C at placement and were progressively decreased to 26°C by the conclusion of the experiment. Body weights and feed intake were measured at the beginning and end of the experimental period in order to calculate BWG and FCR.
S St ta at ti is st ti ic cs s: :
This study was conducted as a 3-factor 5-level central composite rotatable design with pen as the experimental unit. This design was used to accommodate the analysis of a second-order model by RSM. Each dietary treatment was represented by 4 replicate pens of 6 birds from 3 to 16 days of age. The fitted model evaluated linear and quadratic terms for the treatment amino acid inclusion levels, as well as interactions among the treatments. Optimal ratios of amino acids were calculated using SAS [4] . Reported equations were adjusted to hold dMet constant at the determined optima of 0.54 and 0.53%, respectively, for BWG and FCR. 
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R Re es su ul lt ts s: :
Analysis of BWG data with dMet held constant at the determined optimum of 0.54% resulted in the response surface model shown in FIGURE 1. For this model, optimum (maximum) BWG response was achieved at 1.12% dLys and 0.78% dThr. These values correspond to an optimal dThr to dLys ratio of 70. Linear and quadratic terms were significant for BWG in response to varying levels of dLys and dThr. No interaction effect was detected among the amino acids of interest. The observed variation in BWG among the chicks was best explained by the linear terms (partial R 2 = 0.25), followed by the quadratic terms (partial R 2 = 0.19), and the interaction terms (partial R 2 = 0.05). The greatest deviation from the maximum BWG resulted from changes in the level of dLys.
Analysis of FCR data with dMet held constant at the determined optimum of 0.53% resulted in the response surface model shown in FIGURE 2. For this model, optimum (minimum) FCR response was achieved at 1.13% dLys and 0.75% dThr. These values correspond to an optimal dThr to dLys ratio of 66. Linear, quadratic, and interaction terms were significant for FCR in response to varying levels of dLys and dThr. For this model, quadratic terms explained the greatest amount of variation in FCR (partial R 2 = 0.34), followed by linear (partial R 2 = 0.13), and interaction terms (partial R 2 = 0.09). The primary contributing factor to the optimization of FCR in this study was the level of dThr.
The lack of a significant interaction effect for BWG corresponds with other studies in broilers [2, 5] . However, interactive responses have been noted for Lys × Thr for breast meat yield [3] . Similarly, a significant Lys × Thr interaction observed for FCR has been previously reported in broilers [5] .
The dLys requirements estimated by these models underestimate previously published requirements. This is likely due to the restriction of feed for the first two days posthatch, which resulted in early dLys deficiency. Without adequate dLys, breast muscle development was delayed, reducing the overall dLys requirement. These results emphasize the importance of supplying adequate dLys during the starter phase. The observed requirement for dThr was also elevated slightly due to the nutrient deficiency induced by feed restriction during the first two days posthatch. However, the optimal dThr to dLys ratio reported by Baker and Han [6] for FCR is identical to that determined using RSM in this experiment.
The lack of fit observed for both models may indicate a need for a more complex model to describe BWG and FCR responses to amino acid density. However, the consideration of higher order effects would require the inclusion of additional treatment levels and increased replication in the experimental design.
C Co on nc cl lu us si io on ns s: :
Requirements for dLys and dThr have been established by previous experiments. However, traditional regression analysis may overlook potential interactions that may exist between these amino acids. This study used a multivariate model generated through RSM to determine the ideal ratio of dThr to dLys. These results indicate that for male broilers in the 3 to 16 d period provided with adequate dMet:
 BWG is maximized at 1.12% dLys, and 0.78% dThr. These values correspond to an optimal dThr to dLys ratio of 70.
 FCR is minimized at 1.13% dLys and 0.75% dThr. These values correspond to an optimal dThr to dLys ratio of 66.
It should be noted that the absolute requirements for dLys may have been reduced due to the 2-day post hatch starvation period used in this experiment. The observed ideal ratios of dThr to dLys are in good agreement with other research.
The model for FCR included significant interaction effects. No significant interaction effect was observed for BWG. These results indicate that multivariate optimization may be necessary to obtain precise amino acid requirements in the presence of an interaction effect. Additionally, the incorporation of more advanced techniques such as artificial neural network models may be beneficial in advancing the methodology used to determine nutrient requirements in the future.
